Fertilization in flowering plants depends on the early contact and acceptance of pollen grains by 15 the receptive papilla cells of the stigma. To identify the associated molecular pathways, we 16 developed a transcriptomic analysis based on single nucleotide polymorphisms (SNPs) present in 17 two Arabidopsis thaliana accessions, one used as female and the other as male. We succeeded in 18 distinguishing 80 % of transcripts according to their parental origins and drew up a catalog of genes 19 whose expression is modified after pollen-stigma interaction. Global analysis of our data reveals 20 pattern-triggered immunity (PTI). From this analysis, we predicted the activation of the Mitogen-21 activated Protein Kinase 3 on the female side after compatible pollination, which we confirmed 22 through expression and mutant analysis. Altogether this works provides the molecular signatures 23 of compatible and incompatible pollination, highlights the active status of incompatible stigmas, 24 and unravels a new MPK3-dependent cell wall feature associated with stigma-pollen interaction. 25 26
the pollination type (compatible, incompatible), thus suggesting that these proportions are 147 reflecting the relative abundance of stigmatic cells compared with pollen grains collected by our 148 manipulation. 149 Then, we analyzed the relative abundance of each transcript between stigma and pollen. To do so, 150 transcript abundance was computed by ASE-TIGAR and was expressed as Fragments Per Kilo 151 base of exon per Million reads mapped (FPKM), which accounts for sequencing depth and gene 152 length. We then normalized FPKM (nFPKM) by dividing FPKM of each transcript by the ratio of 153 the transcript counts from stigma [nFPKM(stigma)] or pollen [nFPKM(pollen)] at C0 (Fig. 1d , 154 Supplementary Table 4 ). After computing nFPKM, we plotted them as a hexbin 27 plot to see the 155 distribution of gene expression levels. Genes without SNPs did not show any particular pattern 156 (Fig. 1e , bottom line). Gene expression levels were widely distributed and most of highly 157 expressed genes were specific of stigma or pollen, suggesting the existence of distinct transcript 158 signatures between stigma and pollen ( Fig. 1e ).
160
Post-validation of the SNP-based analysis 161 To have a global view of expressed genes in stigma and pollen, we built three classes of genes 162 from calculated nFPKM: expressed genes, sex-preferentially and sex-specifically expressed 163 genes (see methods for precise criteria of gene selection) ( Supplementary Table 5 ). Briefly, we 164 defined genes that showed nFPKM >1 as expressed genes, those that were expressed at least a 165 ten-fold higher in stigma than in pollen as stigma-preferentially expressed genes, and those that 166 were at least one hundred-fold higher expressed in stigma than in pollen as stigma-specific 167 expressed genes (and vice versa for pollen preferentially and specifically expressed genes) ( Fig.   168 2a). To evaluate the accuracy of our SNP-based analysis, we first focused on sex-specific genes 169 and analyzed the top 20 highly expressed genes ( Supplementary Table 5 ) with the ThaleMine 170 database (https://apps.araport.org/thalemine/begin.do). Heat maps of gene expression levels 171 based on Cheng et al., 2016 were derived ( Supplementary Fig. 3 ). Interestingly, stigma specific 172 and highly expressed genes were clearly excluded from pollen even though many of them were 173 also expressed in various tissues. By contrast, most pollen specific and highly expressed genes 174 showed expression restricted to pollen and stage 12-inflorescences, which contain mature pollens 175 ( Supplementary Fig.3 ) Moreover, within the list of stigma-specific genes, we found AtS1 176 (AT3G12000.1), which has been described as specifically expressed in Arabidopsis stigmas 28, 29 , 177 and in the list of pollen-specific genes, we found CPK34 (AT5G19360.1), whose derived protein 178 is involved in pollen tube regulation 30 . Finally, to confirm the specific expression of these genes 179 in stigma or pollen, we carried out RT-PCR and sequence the cDNAs of SNP-containing regions 180 using C0 sample as template. From the top 20 highly expressed genes, we selected genes whose 181 location of SNPs permitted designing of primers. We found that, as expected, mRNAs of genes in 182 the stigma-specific genes had SNPs only from Col-0/SRK14 (stigma), whereas mRNAs of genes 183 in the pollen-specific genes had SNPs only from C24 (pollen) SNPs (Fig. 2b) . 184 To assess the global consistency of our data sets with already published studies, we further 185 analyzed our SNP-based data by correlating them tissue-specific transcripts reported from 186 microarray experiments [31] [32] [33] . Stigma associated transcripts from our analysis showed poor 187 correlation with male transcriptomes from mature pollen or growing pollen tube, whereas the 188 highest correlation was observed with transcriptome from unpollinated stigmas. Conversely, our 189 pollen associated transcriptome showed a high correlation with male transcriptomes and only 190 poorly correlated with female transcriptome or transcriptomes of vegetative tissues (Fig. 2c ).
191
Correlations between another recent SNP-based analysis, which identified pistil-and pollen tube-192 specific transcripts 8 hour after pollination 20 and the tissue/organ-specific transcripts showed 193 similar trends to our stigma-and pollen-transcripts ( Fig. 2c ).
194
To further characterize the pollen vs. stigma associated transcripts, we looked for Gene Ontology 195 (GO) term enrichment at C0 within the list of sex-preferentially expressed genes (FDR < 0.05).
196
Although GO terms may be somewhat subjective or not fully consolidated by functional tests, 197 with the current annotation, we observed a clear difference between the two sets of transcripts 198 ( Fig. 2d ). From GO term enrichment of the top 1000 highly expressed genes among stigma or 199 pollen -preferentially expressed genes ( Supplementary Table 5 , Supplementary Table 6 ), our 200 analysis revealed high enrichment of several GO terms associated with metabolism in stigmas 201 (such as "photosynthesis", "mitochondrial-", and "-metabolic process") suggesting an active 202 metabolic state of stigmatic cells ( Fig. 2d left) . Conversely, GO terms on the pollen side were 203 specific to pollen functions such as "pollen tube growth", "pollen sperm cell differentiation" and 204 "cell tip growth" (Fig. 2d right) . 205 Osaka et al. 34 previously reported the transcriptome of unpollinated stigmas using laser 206 microdissection of Arabidopsis stigmatic cells. Among the top 100 expressed genes in this latter 207 analysis, 44 were common with the top 100 expressed genes in stigma of our analysis at C0 34 .
208
The exocyst complex, including the EXO70A1 protein, has been shown to play a role in pollen 209 acceptance, probably through its function in the secretion of factors required for pollen hydration 210 and pollen tube growth 13, 14 . We found EXO70A1 to be stably expressed in stigmas over time 211 (nFPKM(stigma) = 27.1 at C0, with no expression change following pollination). ACA13 which 212 was shown to be involved in calcium fluxes was up-regulated after both compatible (FC=3.2 at 213 C60) and incompatible (FC=2.4 at I60) pollinations; similar up-regulation after compatible 214 pollination was also reported by Iwano et al., 2014. 215 Altogether, these results validate our SNP-based workflow, which allows identification of 216 female-and male-derived transcripts from a combination of tissues following pollination. explained variance of the first two principal components (PC1 and PC2) is around 39% (28 +11) 224 for stigma and 35% (24 + 11) for pollen. These relatively low percentages are explained by the 225 fact we took all genes and not only those that are specific for compatible or incompatible 226 reaction. It also explain the fact that the different conditions (C0, C10, C60, I10 & I60) were not 227 always well separated along those axis.
228
Nevertheless, comparing the PCA of stigma and of pollen transcripts suggested different 229 dynamics in each tissue. On the stigma side, the PCA showed that both compatible and The clear response pattern of pollen at 1 hour is coherent with the massive changes displayed by 240 compatible pollens, which hydrated and germinated a pollen tube growing in the stigmatic tissue 241 ( Fig. 3a ).
242
After performing differentially expressed gene (DEG) analysis, we found more up regulated 243 genes than down regulated genes, and more DEGs in stigma than in pollen (1841 up in stigma vs. 244 595 in pollen, 513 down in stigma vs. 113 down in pollen) ( Supplementary Table 7 ). ). To get a 245 clearer picture on the number of genes whose expressions was modified during the course of Table 8 ). Again 254 this correlates perfectly with the PCA. Although the pollen is completely changing its physiology 255 during compatible pollination, the stigma does not remain passive and undergoes a massive 256 molecular reprogramming.
257

PTI pathways induced after compatible pollination in stigma 258
The rapid and global molecular changes in stigma after compatible pollination motivated us to 259 investigate the molecular events occurring at this stage. The 944 genes (158 + 163 + 623) 260 induced only after compatible reaction ( Fig. 3b left) showed dramatically different GO terms and 261 enrichment from those preferentially expressed at C0 in the stigma ( Fig. 2d left, Fig. 3c ). There 262 were 126 terms with high confidence (FDR < 0.05) and 85 terms with FDR < 0.005 263 ( Supplementary Table 9 ). In particular, we found many GO terms including "response" and 264 "signalling", thus suggesting the prompt activation of signalling pathways in response to the 265 pollination event. We also applied the enrichment analysis for 108 genes (104 + 4) that were 266 induced only after incompatible pollination in stigma. But it was not informative when compared 267 with compatible reaction as only 9 terms showed a FDR < 0.05 with the minimum FDR = 0.006.
268
To predict induced pathways after pollination, we then mapped the 944 up-regulated genes after 269 compatible pollination to KEGG pathways 36 . We found many metabolism related pathways, 
277
In the compatible pollination, SERK4, BAK1, EFR and FLS2 -all genes known to encode 278 receptors of bacterial components -were expressed in stigma at C0 and SERK4 was up regulated 279 at C60 (FC = 2.3). Although MKK6 and transcription factors WRKY22 and WRKY25 were not 280 expressed at C0, the first two were already induced at C10 and induction was maintained at C60, 281 while WRKY25 was induced only at C60 (all FCs were between 2 and 2.8). MPK4 and MPK6 282 were highly expressed from C0 to C60 compared with other members of the pathway but did not 283 exhibit significant expression change. Interestingly, even though MPK3, WRKY33 and WRKY53 284 did not have SNPs, their high induction following compatible (FC = 6.3, 10.0, 11.0 respectively) 285 compared with incompatible (FC = 1.5, 2.8, 5.2) reaction suggests that this PTI pathway is a 286 hallmark of compatible pollination ( Fig. 5 , Supplementary Table. 10). Altogether, our results
287
show that PTI pathway is rapidly induced in stigma only after compatible pollination.
289
Stigma-pollen interaction activates and requires MPK3
290
The predicted mRNA of MPK3 did not have SNPs between Col-0/SRK14 and C24, preventing to 291 accurately assign the increased expression to the stigma. To check whether activation of MPK3-292 associated pathways occurs in stigma, as predicted from our analysis, we derived the list of genes 293 known to be co-expressed with MPK3 from ATTED-II (http://atted.jp/) 38 . Genes in the list were 294 ordered based on Pearson's correlation coefficient with MPK3 expression (from high to low) 295 ( Supplementary Table 11 ). After removing the genes without SNPs, we checked the expression 296 of the top 50 genes using our SNP-based analysis in stigma ( Supplementary Fig. 4 , upper plot) 297 and pollen ( Supplementary Fig. 4 , lower plot). At C0, most of the genes were moderately 298 expressed in stigma but not in pollen. After compatible pollination, they were induced only in 299 stigma, supporting our hypothesis of a stigma-specific MPK3 pathway induction. Subsequently, 300 we took advantage of the MPK3-knockout line mpk3-DG 39-41 to monitor the expression and 301 activation of MPK3 protein in vivo. 302 Immunoblotting was performed on protein extracts of pollinated stigmas from the following 303 combinations of crosses: Col-0 x mpk3 (i.e., MPK3 protein only present in stigma), mpk3 x Col-0 304 (i.e., MPK3 only in pollen), Col-0 x Col-0 (MPK3 in both), and mpk3 x mpk3 as a negative 305 control. Pollinated stigmas were harvested immediately or 60 min after pollination, 306 corresponding to C0 and C60, respectively. The absence of a specific band for MPK3 from the 307 mpk3 x mpk3 sample confirmed the complete knockout of the mutant (Fig. 6a ). MPK3 protein 308 was detected in both stigma (Col-0 x mpk3) and pollen (mpk3 x Col-0) but with a higher 309 abundance in the stigma (Fig. 6ab ). MPK3 was slightly accumulated 60 min after pollination in 310 stigma and in pollen (FC = 1.6 and 2.4, respectively). Subsequently, we checked whether MPK3 311 was activated through phosphorylation using an anti-Phospho MPK antibody. At C0, the band 312 corresponding to phosphorylated MPK3 was very weak, but its intensity clearly increased after 313 compatible pollination in stigma but not in pollen (FC = 5.2 and 0.9 respectively) ( Fig. 6cd ).
314
Altogether these results demonstrate that MPK3 is both transcriptionally and post-translationally 315 activated in the stigma during compatible pollination.
316
To elucidate whether the loss of MPK3 function might have any effect on pollen-stigma 317 interaction, we pollinated mpk3 stigmas with Col-0 pollen and observed the pollinated stigmas 60 318 min after pollination by scanning electron microscopy. Col-0 x Col-0 pollination was used as a 319 control. Before pollination, there were no apparent differences between stigmas of mpk3 and Col-320 0 ( Supplementary Fig. 5 ). Hydration of pollen grains and elongation of pollen tubes occurred 321 normally on mpk3 stigmas compared to the control. However, when we measured the width of 322 the contact sites between the pollen tube and stigma (white arrows on Fig. 7a ), even if the 323 distributions of the values were partly overlapping we found that contact sites were significantly 324 wider on mpk3 stigmas compared with Col-0 ( Fig. 7b ). This demonstrates that MPK3 contributes 325 to the stigma-pollen interaction and structure. (Fig. 2, 3) , the clear distinction we made between male and female transcripts also reveals 361 surprises. The Venn diagram suggested a rapid transcriptomic response in the stigma for 362 compatible (414 up-regulated genes at C10) but not for incompatible pollination (45 up-regulated 363 genes at I10) ( Fig. 3b left) . Since almost no specific transcriptional induction was detected at I10 364 (only 4 up-regulated genes), this suggests that key molecules required for the incompatibility 365 reaction are already present in the stigma (Fig.3b left, I10up ). This may be consistent with the 366 observation that the pollen rejection response in A. thaliana lines exhibiting a restored 367 incompatibility system is extremely rapid and occurs within minutes 12 . Astonishingly, while no 368 cellular changes were detectable by SEM on stigmas one hour after incompatible pollination ( Fig.   369 1a), we identified more than one hundred up-regulated genes in stigmas and only 6 in pollen at 370 I60 (Fig. 3b ). This demonstrates that the stigma undergoes massive molecular changes following 371 incompatible pollination, i.e. that incompatibility is actively maintained through a global 372 physiological modification of the stigmatic cells. The stigma up-regulated genes can be 373 assimilated to the stigmatic response to self-incompatible pollen. As incompatibility reaction is 374 maintained for several days, at least as long as SRK is properly expressed in the stigma, we may 375 propose that among the stigma up-regulated genes there are key factors required for the 376 maintenance of SI. Since components of the signaling pathway downstream of the SRK-377 SP11/SCR receptor-ligand complex are still not fully unveiled, our data provide a key resource to 378 identify new genes involved in the incompatibility response and its maintenance over time.
379
Our results revealed a molecular signature of compatible pollination in stigma through the 380 activation of stress response genes and PTI pathways (Figs. 3, 4, 5) . The similarity between the 381 stigma-pollen interaction and plant-pathogen interaction has been discussed and has drawn have function in pollination. Moreover, the incompatible response has been considered to share 386 common mechanism with plant-pathogen interaction as it is a response to block the invader 18,44 .
387
However, in our analysis, GO terms associated with defense responses did not clearly appear 388 after incompatible pollination but rather were mainly represented in compatible response (Fig.   389 3c). (Fig.4) . Indeed, the SNP-based analysis demonstrated the stigma 398 specific expression and induction of genes involved in these pathways (Fig. 5 ). This result was 399 not completely unexpected since pollen tube growth has many similar cellular responses to 400 pathogen attacks, for example invasive growth recognition of an external invader, cell wall 401 digestion, calcium burst 8,46,47 . We suggest that plant responses to pollen and pathogens share 402 conserved molecular mechanisms at early stages of the interactions but later downstream 403 branches would lead to different reactions, one inhibiting the pathogen invasion, whereas the 404 other would promote pollen tube growth in the pistil. Because links between the symbiotic and 405 pathogen responses have been already underlined 48,49 , we can also speculate that the response of 406 plant cell to symbiotic organisms could share common mechanisms with the response of stigma 407 to pollen. How these shared modules evolved together to end up to highly specific responses (i.e. 408 pollination, PTI, symbiosis) is an intriguing question for further research.
409
MPK3 is one of the key components of PTI pathways 37 , and we confirmed both the induction of 410 genes associated with MPK3 expression and MPK3 activation in compatible pollinated stigmas 411 ( Supplementary Fig. 4, and Fig. 6 ). An increased pollen-stigma contact site was observed in 412 mpk3 mutant suggesting that the structural prosperities of the cell wall in the mutant are somehow 413 impaired (Fig. 7) . Although the role of mechanical signals and cell wall reorganization has been 414 studied in growing pollen tube in vitro 50-52 , very little is known on component involved in pollen Interestingly, Glycine-Rich Protein3 (GRP3), a possible ligand for WAKs that is known to bind 428 to WAK1 55 was highly expressed (nFPKM(stigma) = 303.0 at C0 and no expression change 429 following pollination) in stigmas. In addition, we found that several pectin related enzymes were 430 up-regulated in stigmas after compatible pollination. Taken together, we propose that cell wall 431 reorganization that allows pollen tube growth in the stigma is dependent on MPK3-based 432 pathways ( Fig. 8 ).
433
Our study provides the molecular signatures of pollen and stigma responses following pollen- Criteria to select expressed genes, sex-preferentially or specifically expressed genes 539 To select expressed genes, sex-preferentially or specifically expressed genes at C0 (Fig. 2a , 540 Supplementary Table 5 ), we used nFPKM. We defined stigma-expressed genes consisting 556 For experimental evaluation of the SNP-based analysis with reverse transcription polymerase 557 chain reaction (RT-PCR) and sequencing, we selected genes among the top-20 specifically 558 expressed genes that have SNPs at suitable positions allowing discrimination of parental origin 559 (stigma vs pollen) (Fig. 2b) . RNA at C0 was purified as described above. cDNA was generated Besnard for critical reading of the manuscript and for specific advice and script sharing relative to 729 SNP calling, Naoki Nariai for the help to perform analysis with ASE-TIGAR, Alexander R. specifically) -expressed genes at C0 selected by nFPKM ( Supplementary Table 5 ). b, RT-PCR 760
555
RT-PCR and sequencing
and sequence analysis of stigma or pollen specifically-expressed genes at C0. The genes are 761 selected among the 20 specifically-expressed genes and the rank of the genes according to the 762 expression level are presented. RNA was extracted from pollinated stigmas at C0 then we 763
analysed their SNP-information by RT-PCR and sequencing. SNP number corresponds to the 764 number of SNPs present in the sequenced regions. c, Heat map of Pearson's correlation 765 coefficient between the stigma/pollen transcripts from the SNP-based analysis and the 766 previously published transcripts. d, Top ten gene enrichment categories of stigma or pollen 767
preferentially-expressed genes at C0 according to the GO term on biological processes. 768
Enrichment analysis was performed with the one thousand top expressed genes in stigma (left) 769
or pollen (right) among the list, respectively. Only top 10 first enrichment categories are shown. 770
Selection criteria for genes analysed in b (sex-specific), and d (sex-preferential), are described 771 in the manuscript. respectively. Green colored genes were identified from the compatible gene set and grey were 785 from the incompatible set. Up-regulated gene in our analysis assigned to BAK1/BKK1 was 786 SERK4, and to MKK1/2 was MKK6 (see Fig. 5 and Supplementary Table 10 ). Immunoblotting assays after compatible pollination with mpk3 mutant line. Pollination between 797
Col-0 x Col-0, mpk3 x mpk3, Col-0 x mpk3, and mpk3 x Col-0 were performed. Protein was 798 Supplementary Supplementary Table 5 ). b, RT-PCR and sequence analysis of stigma or pollen specifically-expressed genes at C0. The genes are selected among the 20 specifically-expressed genes and the rank of the genes according to the expression level are presented. RNA was extracted from pollinated stigmas at C0 then we analysed their SNP-information by RT-PCR and sequencing. SNP number corresponds to the number of SNPs present in the sequenced regions. c, Heat map of Pearson's correlation coefficient between the stigma/pollen transcripts from the SNP-based analysis and the previously published transcripts. d, Top ten gene enrichment categories of stigma or pollen preferentially-expressed genes at C0 according to the GO term on biological processes. Enrichment analysis was performed with the one thousand top expressed genes in stigma (left) or pollen (right) among the list, respectively. Only top 10 first enrichment categories are shown. Selection criteria for genes analysed in b (sex-specific), and d (sex-preferential), are described in the manuscript. KEGG pathway mapping applied for the genes exclusively up-regulated after compatible pollination ( Fig.3 b, left; 158+163+623 ) and incompatible pollination ( Fig.3 b, right; 4+0+104 ), respectively. Green colored genes were identified from the compatible gene set and grey were from the incompatible set. Up-regulated gene in our analysis assigned to BAK1/BKK1 was SERK4, and to MKK1/2 was MKK6 (see Fig. 5 and Supplementary Table 10 ).
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